The Southwest Australian Biodiversity Hotspot contains an exceptionally diverse flora on an ancient, low-relief but edaphically diverse landscape. Since European colonization, the primary threat to the flora has been habitat clearance, though climate change is an impending threat. Here, we review (i) the ecology of nectarivores and biotic pollination systems in the region, (ii) the evidence that trends in pollination strategies are a consequence of characteristics of the landscape, and (iii) based on these discussions, provide predictions to be tested on the impacts of environmental change on pollination systems. The flora of southwestern Australia has an exceptionally high level of vertebrate pollination, providing the advantage of highly mobile, generalist pollinators. Nectarivorous invertebrates are primarily generalist foragers, though an increasing number of colletid bees are being recognized as being specialized at the level of plant family or more rarely genus. While generalist pollination strategies dominate among insect-pollinated plants, there are some cases of extreme specialization, most notably the multiple evolutions of sexual deception in the Orchidaceae. Preliminary data suggest that bird pollination confers an advantage of greater pollen movement and may represent a mechanism for minimizing inbreeding in naturally fragmented populations. The effects of future environmental change are predicted to result from a combination of the resilience of pollination guilds and changes in their foraging and dispersal behaviour.
INTRODUCTION
'Dull and uninteresting' was the impression that the south coast of Western Australia and/or the society of the infant settlement of King George Sound left with Charles Darwin after an inauspicious autumn visit on the Beagle voyage (Nicholas & Nicholas 2002) . Had he arrived in spring he would have witnessed a remarkable flora containing some of the world's most intriguing orchids, a family he dedicated an entire volume to, and an exceptional diversity of species (Hopper & Gioia 2004; Brown et al. 2008) .
The Southwest Australian Floristic Region (SWAFR, sensu Hopper & Gioia 2004) forms the mesic and semiarid southwest corner of the Australian continent with predominantly winter rainfall ranging between 300 and 1500 mm yr 21 (Hopper & Gioia 2004) . The SWAFR was recognized as one of the world's 25 global biodiversity hotspots (Myers et al. 2000) because it contains many endemic species under threat. The highest diversity of species in the SWAFR lies in the medium-sized shrubs on nutrient poor soils, particularly in the Myrtaceae, Proteaceae and Ericaceae (Hopper & Gioia 2004) . Southern Western Australia is dominated by old, climaticallybuffered infertile landscapes (OCBILs, sensu Hopper 2009), which have important consequences for the ecology, evolution and conservation of its biota and inhabitants (Hopper 2009 ). It is predicted that the flora of the ancient landscapes of the SWAFR should exhibit a trend towards elevated persistence of lineages, long-lived individuals, high number of localized endemics and strongly differentiated populations (Hopper 2009 ). Further, plants may have evolved pollination and genetic systems that maintain reproductive success and avoid inbreeding in the small, fragmented populations that characterize many species in the SWAFR (Hopper 2009 ).
Mechanisms of pollination have profound implications for the evolution, ecology and conservation of plants (Proctor et al. 1996; Kearns et al. 1998; Johnson & Steiner 2000) . Pollination has been the subject of increasing research interest in the SWAFR following recognition that the adaptive basis for prevalent pollination strategies remains unresolved and that pollination ecology may prove critical to predicting or avoiding detrimental effects of anthropogenic modifications to the landscape (previously reviewed by Keighery 1980; Hopper & Burbidge 1986; Brown et al. 1997) . As for most regions, many members of the SWAFR flora appear to rely on generalist pollination strategies (Waser et al. 1996; Brown et al. 1997) , although few quantitative studies are available as yet to affirm this. However, the region is notable for (i) its exceptional levels of vertebrate pollination, representing approximately 15 per cent of the flora, the highest recorded in the world (Keighery 1980 ; figure 1); (ii) many bird-pollinated plants being also visited by the SWAFR endemic honey possum Tarsipes rostratus (Tarsipedidae) and the Western Pygmypossum Cercartetus concinnus (Burramyidae; Hopper 1980; Wooller et al. 1983 ; figure 1); and (iii) the large number of Orchidaceae pollinated by sexual deception of male hymenopterans (Stoutamire 1983; Brown et al. 2008; Phillips et al. 2009;  figure 1) . Alternatively, the pollination biology of many common plant families has received little or no attention, particularly among insect-pollinated species (Brown et al. 1997) , and the study of pollination in a conservation context is only beginning to gain momentum.
The largest environmental change that has occurred since European settlement of the SWAFR is the massive removal of native vegetation and resultant degradation of the remaining vegetation (e.g. Abensperg-traun et al. 1996) , with approximately 70 per cent of the vegetation already removed (Beard 1999) . Land clearance for agriculture and urbanization are the primary cause of range contraction and habitat loss of Australian plants (Burgman et al. 2007 ). More recently, the SWAFR has undergone a marked decrease in rainfall, with May -October rainfall in the last 25 years undergoing a 10 -15% decrease from the preceding 50-year average (Indian Ocean Climate Initiative Panel 2002) . Decreases in rainfall and subsequent declines in groundwater levels have been attributed to declines already occurring in some communities (Groom et al. 2000; Horwitz et al. 2008) . Fragmentation of habitat is likely to greatly reduce the ability of plants to cope with climate change by reducing population sizes, hindering their ability to migrate across the landscape and reducing the availability of pollinators.
The focus of pollination research in the SWAFR has primarily been natural history studies, though molecular techniques have facilitated direct tests of pollen movement. Here, we review aspects of pollination systems that will potentially affect the ability of plant species to persist under environmental change, such as pollinator dispersal ability (e.g. Thomas et al. 2004) , level of pollinator specialization (Ashworth et al. 2004) , plant mating and compatibility systems (Aguilar et al. 2006 ) and specialization of pollination strategies (Dixon 2009) . In this paper, we refer to specialization of plant pollination systems as the use of one or few species of pollinators (Oleson & Jordano 2002) . However, we also highlight examples of plants that use a variety of pollinator species but are specialized at the level of functional group (e.g. vertebrate pollination; see Ollerton et al. 2006) . In the second part of the paper, we address the role of characteristics of the SWAFR landscape on trends in the pollination ecology of the flora. Given the prevalence of small, naturally fragmented populations that are subject to long periods of stability (Cowling et al. 1996; Hopper 2009) , it is predicted that plants will evolve pollination strategies that maximize outcrossing but will also have the opportunity for extreme specialization (Hopper 2009 ). In particular, it has been proposed that bird pollination may have evolved to maximize outcrossing in isolated populations (Hopper 2009) . In this review, we examine the levels of specialization exhibited by plants and pollinators and whether this plays a role in the maintenance of species boundaries, and test if the prevalent bird pollination strategy does result in higher pollen movements or greater outcrossing. Given the interaction between the evolutionary history of a region and its organisms, responses to a changing environment (Hopper 2009 ), we conclude by reviewing pollination ecology in the SWAFR in terms of both the susceptibility to environmental change and possible adaptations to persistence in the SWAFR landscape.
POLLINATION STRATEGIES (a)
Vertebrate pollination (i) Ecology of nectarivorous birds in the SWAFR Nectarivorous birds are diverse and abundant members of the avian community in all terrestrial habitats in the SWAFR (Higgins et al. 2001) . While the Purple-crowned Lorikeet Glossopsitta porphyrocephala (Psittacidae) and Silvereye Zosterops lateralis (Zosteropidae) are widespread pollinators in the region (Higgins 1999; Higgins et al. 2006) , the majority of vertebrate pollen vectors are honeyeaters (Meliphagidae, with 17 species recorded breeding in the SWAFR; Higgins et al. 2001) . While all honeyeaters consume nectar, the shorter beaked species, such as those from the genera Melithreptus and Lichenostomus, feed chiefly on insects .
The nectarivorous birds of the SWAFR are generalist foragers that consume nectar from a wide variety of plant families. The most frequently visited plant families are the Myrtaceae and Proteaceae and also commonly some members of the Haemodoraceae, Ericaceae, Rutaceae, Loranthaceae, Myoporaceae and Fabaceae (Brown et al. 1997; Higgins et al. 2001) . The Purple-crowned Lorikeet feeds primarily on Eucalyptus (Myrtaceae) flowers in the SWAFR, whereas it has broader feeding preferences in southeastern Australia Higgins et al. 2006) . There is extensive overlap in the nectar sources used by different species of honeyeaters within sites (Hopper 1980 (Hopper , 1981 Hopper & Moran 1981; Wooller et al. 1983) , though they can show preferences for certain species (Hopper & Burbidge 1978 , 1986 Hopper 1993) .
Some genera of honeyeater undertake extensive movements to feed on spatially and temporally patchy nectar resources. Such movements have mostly been inferred from repeated surveys that have detected marked seasonal fluctuation of pollinator populations in concert with nectar sources (e.g. Keast 1968; Collins et al. 1984a) . The nature of these movements varies regionally, probably reflecting biogeographic variation in the nectar-producing community (Keast 1968) . Records from the Australian Bird and Bat Banding Scheme (ABBBS) showed that, for the honeyeaters that occur in the SWAFR, 95 -100% of recaptures occur within 10 km of the banding site (Higgins et al. 2001) , though this may be a result of the distribution of banding sites. However, for seven species the maximum recapture distance was in excess of 145 km (Higgins et al. 2001) . Alternatively, in the ABBBS, honeyeaters of the genus Lichenostomus were never recovered more than 2 -3 km from their banding site. As such, while some members of the family are capable of extensive movements, there is pronounced variation in the movements between species and genera. Purplecrowned Lorikeet and Silvereye show extensive movements, with Silvereyes recorded moving over 1900 km from the western seaboard to eastern Australia (Higgins 1999; Higgins et al. 2006) .
Small-scale movements of honeyeaters are determined by a combination of resource access, foraging behaviour and social interactions. Most studies of the foraging behaviour of honeyeaters at nectar-producing plants have shown that, unless interrupted, they forage primarily by moving between inflorescences within plants or between neighbouring plants (Hopper & Burbidge 1978; Pyke 1981; Day et al. 1997; Yates et al. 2007a) . However, larger, behaviourally dominant honeyeaters such as Red Wattlebirds Anthochaera carunculata can aggressively exclude smaller species, leading to changes in both the foraging movements of smaller species and species composition within patches of habitat (Hopper 1993; MacNally & Timewell 2005) . Similarly, the extensive interspecific aggression and territorial behaviour shown by many species (Pyke et al. 1996) , particularly during periods of higher nectar abundance (Armstrong 1991; MacNally & Timewell 2005) , will change the pattern of foraging. As such, the presence of other species of honeyeaters and higher levels of nectar could lead to greater interplant movements of foraging honeyeaters through frequent disruption of optimal foraging patterns.
(ii) Ecology of nectarivorous mammals in the SWAFR The SWAFR endemic honey possum and the Western Pygmy-possum are the only mammals that are confirmed to regularly act as pollen vectors in the SWAFR (Hopper 1980; Brown et al. 1997) . These small, scansorial marsupials primarily feed upon nectar and pollen from bird-pollinated members of the Proteaceae and Myrtaceae, but occasionally visit Ericaceae and Haemodoraceae (Hopper 1980; Wooller et al. 1983; Brown et al. 1997) . There is no evidence of any plant species relying entirely upon mammals for pollination in the SWAFR, but some Banksia species have a number of attributes that favour marsupials more than honeyeaters (Wooller et al. 1983) . The abundance of honey possums fluctuates in response to the availability of nectar from Review. Pollination in southwestern Australia R. D. Phillips et al. 519 Myrtaceae and Proteaceae (Wooller et al. 1998; Bradshaw et al. 2007) . Honey possums are capable of moving short distances on a nightly basis (up to 370 m; Bradshaw et al. 2007) , though distances vary considerably based on patchiness of resources and potential mates (Garavanta et al. 2000; Bradshaw et al. 2007 ).
(iii) Pollination in vertebrate-pollinated plants in the SWAFR Vertebrates are believed to be the primary or exclusive pollinators of several genera in the Haemodoraceae, Proteaceae, Myrtaceae plus single genera in many other families (Keighery 1980; Hopper & Burbidge 1986) . These plants are specialized at the level of functional group but are generally pollinated by multiple species of honeyeater (e.g. Hopper 1980 Hopper , 1981 Collins et al. 1984a; Brown et al. 1997; Yates et al. 2007a) and often the honey possum (Hopper 1980; Wooller et al. 1983) . However, in habitats with low honeyeater diversity, such as the understorey of the southern Jarrah Eucalyptus marginata forest and sandplains after fire, plants may be pollinated primarily by a single honeyeater species and exhibit a level of specificity approaching that exhibited by neotropical bird-pollinated plants visited by hummingbirds (Stiles 1981; Hopper 1993) . Within the SWAFR, intrinsically rare plants exhibit a higher incidence of bird pollination than the flora in general (40% compared with 15%; Hopper et al. 1990) . It is unknown if this relationship is caused by ecological characteristics of bird pollination, a tendency for rare species to evolve bird pollination or a correlation between bird pollination and other causes of rarity.
Molecular phylogenetic studies indicate that vertebrate pollination has evolved repeatedly within and among genera in the SWAFR flora. For example, in Haemodoraceae, genera such as Anigozanthos, Macropidia and Blancoa diverged from their insectpollinated sisters ca. 30 and 20 Ma, respectively, with additional independent origins of vertebrate-pollinated species within the ancestrally bee-pollinated Conostylis occurring through to the early Pleistocene at ca. 1 Ma ). Within bird-pollinated plants, one of the most pronounced evolutionary developments in the SWAFR is divergence of congeners from taller growth forms requiring perch feeding to those that are prostrate or low-growing, enabling access to nectar by birds standing on the ground. Such divergence is evident across a range of families, including Haemodoraceae (Anigozanthos), Proteaceae (Banksia, Grevillea and Hakea), Myrtaceae (Verticordia, Darwinia, Balaustion and Cheyniana), Xanthorrhoeaceae (Xanthorrhoea) and Fabaceae (Kennedya, Leptosema and Brachysema) (Hopper & Burbidge 1978 , 1986 Hopper 1993; Brown et al. 1997; Rye 2009 ). Evolution of flowering at ground level may have arisen to take advantage of increased visitation by mammals and Tawny-crowned Honeyeaters, the latter of which spend more time feeding on the ground than other honeyeaters (Hopper 1993) . Interestingly, in Anigozanthos short stature is correlated with mass flowering post-fire (Hopper 1993) , which may represent a strategy to increase fruit set through minimizing competition for the services of honeyeaters.
Detailed field studies have shown that insects routinely visit some species that conform to the bird pollination syndrome. Insects have been reported visiting the putatively bird-pollinated Calothamnus (Myrtaceae; Houston 1983; Collins et al. 1984b) , Banksia (Proteaceae; Whelan & Burbidge 1980; Lewis & Bell 1981; Ramsey 1988; Day et al. 1997) and Verticordia staminosa (Myrtaceae; Yates & Ladd 2004) . Caging experiments and examination of pollen loads generally have demonstrated that birds play the dominant role in pollination (Whelan & Burbidge 1980; Collins et al. 1984b; Ramsey 1988; Day et al. 1997) . However, in Banksia attenuata seed set is similar with and without birds, suggesting that insects play a dominant role in this species (Whelan & Burbidge 1980) . This demonstrates that caution needs to be exercised when making assumptions on the identity of pollinator species based on pollination syndromes.
Mating systems have important implications for outcrossing rates and potentially the ability to reproduce in small populations (e.g. Coates et al. 2007) . Within Grevillea, Banksia and Eucalyptus there is considerable interspecific variation in mating system with species varying from complete selfing to complete outcrossing (Ramsey & Vaughton 1991; Ellis & Sedgeley 1992; Day et al. 1997; Kennington & James 1997; Hermanutz et al. 1998; Heliyanto et al. 2005) . Studies of wild populations have shown that bird-pollinated plants in several genera tend to be primarily outcrossing (Hopper & Moran 1981; Day et al. 1997; Coates et al. 2007 ). However, levels of outcrossing are affected by local environmental conditions. In a review of several SWAFR species, Coates et al. (2007) found that small populations in disturbed sites tended to have lower levels of outcrossing presumably due to shifts in pollinator behaviour in areas with lower resource availability.
Paternity analysis studies using molecular markers have demonstrated the capacity for honeyeaters to move pollen extensively between some plant populations. In a study of fragmented populations of Calothamnus quadrifidus in the wheatbelt of the SWAFR, pollen was regularly dispersed by honeyeaters between fragments over 5 km away (Byrne et al. 2007) . At more local scales, the movement of honeyeaters has shown considerable variation between study systems. Observations of honeyeaters feeding on Anigozanthos manglesii, A. humilis (Haemodoraceae) and Eucalyptus stoatei (Myrtaceae) revealed that birds usually moved between plants within 4 m (Hopper & Burbidge 1978; Hopper & Moran 1981) . Extensive movements between inflorescences within flowering individuals have been documented for Calothamnus quadrifidus (Yates et al. 2007a) . Alternatively, using amplified fragment length polymorphisms (AFLPs) to assign paternity in a population of Banksia hookeriana, Krauss et al. (2009) showed an average pollen flow distance of 29.9 m (maximum ¼ 80 m). This demonstrates that due to the variety of plant families, bird species and plant communities involved, it is difficult to predict the effects of bird pollination on pollen movements for a species.
(b) Insect pollination (i) Ecology of nectarivorous insects in the SWAFR The dominant families of insects recorded pollinating plants in the SWAFR are Colletidae, Halictidae, Thynninidae (Hymenoptera), Buprestidae (Coleoptera) and Bombyliidae (Diptera) (Brown et al. 1997; Houston 2000) . Other less prominent families involved in pollination in the SWAFR include Megachilidae, Stenotritidae, Anthophoridae (Hymenoptera), Scarabaeidae (Coleoptera) and Lycaenidae (Lepidoptera) (Brown et al. 1997; Houston 2000) . The introduced honeybee Apis mellifera (Apidae) is the most abundant insect pollinator in the SWAFR. For most families, information on plant visitation comes from collection details in papers on insect taxonomy (e.g. Houston 1989 ) and the Western Australian Museum database of bees visiting flowers (Houston 2000) . This literature has demonstrated that for most well-collected species a variety of plant families are visited, often with a bias towards Myrtaceae (Brown et al. 1997; Houston 2000) .
Interrogation of the Western Australian Museum database of bees visiting flowers (Houston 2000) has revealed pronounced variation between bee families in their level of foraging specificity. Using this database, we have quantified the specificity of bee foraging preferences at the level of plant family and genus. In the present review, only species known to occur in the SWAFR and represented by 20 or more individuals in the database were included in the analysis, giving a total of 93 species. It is not specified in the database whether bees were foraging for nectar or pollen. Bees of the families Colletidae and Stenotritidae tend to visit a lower number of plant families and genera than members of the Apidae, Halictidae and Megachilidae (figure 2). Colletidae is the only family where species have been recorded using a single plant family or genus, with 10 and 26 species recorded from a single plant genus or family, respectively. In almost all cases, specialization on a single family involves members of the Myrtaceae and Proteaceae with rare examples involving the Papilionaceae and Haemodoraceae (Houston 2000) . Specialization by a bee species on a single genus of food plants has been recorded from a range of plant genera, which show considerable intergeneric variation in floral structure. These genera include Conospermum (Proteaceae), Conostylis (Haemodoraceae), Calothamnus (Myrtaceae), Pileanthus (Myrtaceae) and Verticordia (Myrtaceae) (Houston 2000) . More thorough investigations of bee visitation to flowers in the SWAFR may well yield many more cases of specialization and concurrent morphological adaptation in the bee fauna (Houston 2000) . For example, Euryglossa tubulifera possesses enormously enlarged maxillary palpi that cohere to form a slender tube up to 80 per cent the length of the head and body, which enables sucking of nectar from Calothamnus flowers (Houston 1983) .
There is presently no information on the long distance movements of nectarivorous insects in the SWAFR other than observations of vagrant butterflies well outside of their normal distribution (Braby 2004) . At the more local scale of within bushland fragments, the only detailed information comes from studies of the Orchidaceae and overseas studies of A. mellifera. Movements of food-foraging pollinators between individuals averaged less than 6 m (maximum ¼ 21) for both Prasophyllum fimbria and Cyanicula gemmata (Orchidaceae; Peakall 1987 Peakall , 1989 . Alternatively, in Drakaea glyptodon, which is pollinated by sexual deception of the thynnine wasp Zaspilothynnus trilobatus, mean pollinator movement in a capturerecapture study was 32 m (maximum ¼ 132 ; Peakall 1990 ). In the Northern Hemisphere, A. mellifera regularly forage as far as 2 km from their hive (Visscher & Seeley 1982; Steffan-Dewenter & Tscharntke 2000) . This illustrates the potential for major differences in pollinator movements depending on pollination system, life history strategy and foraging behaviour. Numerous studies from other continents have demonstrated that body size and potential flight distances are poor correlates for the realized distances moved by insect pollinators (e.g. Janzen 1971; Nason et al. 1998; Pasquet et al. 2008) .
(ii) Pollination in insect-pollinated plants in the SWAFR Flowers of a number of the largest and most abundant genera in the SWAFR are visited by a wide range of insect orders and families. Insect-pollinated Eucalyptus, Melaleuca (Myrtaceae), Acacia (Mimosaceae), Leucopogon (Ericaceae) and Hakea (Proteaceae) are usually pollinated by a range of bee, wasp, fly and beetle families (e.g. Bernhardt 1987; Keighery 1996; Brown et al. 1997; Yates et al. 2005) . In the most detailed study, Yates et al. (2005) recorded 83 species of insect from 63 genera in 38 families visiting a jarrah tree, Eucalyptus marginata (Myrtaceae), in an urban remnant in less than a month. Species that are generalists, but utilize only a specific order of insects or a restricted subset of genera, also appear to be common in the flora. For example, most species of Hibbertia (Dilleniaceae) attract beetles, colletid bees and halictid bees with a nectar reward (Bernhardt 1986; Schatral 1996) . The number of pollinators at any one location is small, but different pollinators are used in different regions depending on local availability (Schatral 1996) . Similar examples have been recorded in beetles visiting Cyanicula (Orchidaceae; Peakall 1987), Leioproctus bees (Halictidae) visiting Comospermum (Proteaceae; Houston 1989) and Lepidopterans visiting Pimelea (Thymelaeaceae; Keighery 1975) . With further observations, species in genera such as Conostylis and Pileanthus may also conform to this pattern (Houston 2000) . Interpreting levels of pollinator specificity in these species requires some caution. While a spatially restricted plant species may be visited by a single pollinator, there may be other species capable of effecting pollination outside the plant's present distribution. However, if only one species is functioning as a pollinator in a plant's present distribution, the plant must be considered a specialist in terms of its ability to cope with local environmental changes.
Extreme specialization in the use of pollinators is phylogenetically very restricted in the SWAFR. The only recorded cases among the woody flora of the SWAFR are Verticordia nitens and V. aurea (Myrtaceae), which are both pollinated by single species of colletid bee foraging on pollen kit (Houston et al. 1993) . In the Orchidaceae, the large numbers of species that use sexual deception to attract pollinators are each believed to be pollinated by a single species of hymenopteran, with minimal sharing of pollinators between orchid species (Hopper & Brown 2007; Phillips et al. 2009 ). This strategy is exceptionally well represented in the SWAFR, being used by seven orchid genera: Caladenia, Drakaea, Paracaleana, Spiculaea (thynnine wasps; Thynninidae), Calochilus (scoliid wasps; Thynninidae), Cryptostylis (ichneumonid wasps; Ichneumonidae) and Leporella (ants, Myrmecia urens, Formicidae) (Brown et al. 2008) . Investigations of pollination ecology in Caladenia and Drakaea have shown that this pollination strategy results in high pollen movement distances but potentially lower fruit set than in con-generics (Peakall 1990; Phillips et al. 2009 ). In the numerous species pollinated by thynnine wasps, the complexity of the wasp life cycle and the specificity of the plant -pollinator relationship may make them particularly susceptible to environmental change (figure 3).
THE SWAFR LANDSCAPE AND THE EVOLUTION OF POLLINATION SYSTEMS (a) Incidence of specialized pollination systems
While the continuum between generalist versus specialist pollination systems has yet to be investigated adequately, several factors favouring the evolution of specialized pollination systems have been proposed. The absence of extreme environments, the absence of large year-to-year variation in the growing climate (Armbruster 2006) and an abundance of long-lived or clonal plant species with many reproductive episodes (Waser et al. 1996) are all factors proposed to favour the evolution of specialized pollination systems in a flora. The SWAFR conforms to these criteria in terms of the environment and some of the flora, which comprises many long-lived woody shrubs, trees and herbs. In regards to the pollinator fauna, Figure 3 . The life cycle of Drakaea livida (Orchidaceae). Drakaea livida has a highly specific relationship with a Tulasnella (Tulasnellaceae) mycorrhizal fungus, which it requires for germination and annual growth. Drakaea livida is pollinated solely through sexual deception of Zaspilothynnus nigripes (Thynnidae), where it mimics the calling female. Completion of the wasp life cycle requires appropriate nectar plants, where the male feeds the female in copula, and suitable scarab beetle larvae in which the female lays her eggs. The specific nature of the orchid -pollinator relationship and the number of interacting organisms makes this one of the most highly vulnerable pollination systems in southwestern Australia. Artwork by Martin Thompson. plant specialization is more likely to arise when pollinator populations are subject to minimal fluctuations and there is variation in the availability and effectiveness of pollinators (Armbruster 2006) . While there is little information available on the fluctuation of pollinator populations in the SWAFR, many plants in the SWAFR exhibit differences in pollen load between pollinator species (e.g. Collins et al. 1984b; Ramsey 1988; Schatral 1996) . Given these observations, the age of the landscape and the levels of specialization observed in the ecologically similar Cape Floristic Region ( Johnson & Steiner 2000) , it is predicted that the SWAFR will contain a relatively high level of specialized pollination systems.
Globally, extreme specialization for pollinators is largely confined to species that provide alternative rewards to nectar or pollen or attract pollinators using deceit (Gomez & Zamora 2006) . Observations in the SWAFR support this trend, with the most extreme cases of specialization lying within the multiple evolutions of sexual deception in the Orchidaceae and the specialization of some Verticordia on oil-foraging bees (Houston et al. 1993; Brown et al. 2008) . Specialization at the level of functional groups is evident in numerous bird-pollinated species (Hopper & Burbidge 1986 ) and some lepidopteran (Keighery 1975 ) and bee-pollinated species (Houston 2000) , most of which are long-lived trees and shrubs or clonal herbs. As such, while much of the flora is visited by a wide range of pollinator species, there is evidence of a trend towards accentuated levels of pollinator specificity in some families in the SWAFR. However, much work is required, particularly on insect-pollinated species, to better resolve levels of plant -pollinator specificity in the SWAFR and the conditions favouring evolution of specialized pollinator relationships. Only once community-wide studies of pollinator visitation have been conducted will it be possible to make quantitative comparisons with other floras in the incidence of specialization in the use of pollinators.
(b) Role of pollinators in maintaining species boundaries In those elements of the flora employing generalist pollination strategies, pollinators probably play a minor role in maintaining reproductive isolation between species (e.g. Hopper 1981; Lewis & Bell 1981; Collins et al. 1984b; Houston 2000) . However, given the trend towards specialization in some groups, pollinators may play a role in the maintenance of species boundaries in some families. One of the best-documented examples of almost completely pollinator maintained reproductive isolation occurs in sexually deceptive orchids. In both Caladenia and Drakaea congeners regularly occur in sympatry but avoid hybridization through use of different thynnine wasp species (Hopper & Brown 2007; Phillips et al. 2009 ). Further research into genera that are specialized at the level of functional group and use only a small number of pollinator species may reveal cases where isolation is maintained through differences in pollinator preference or efficacy (Hopper & Burbidge 1986 ). Stylidium (Stylidiaceae), which are pollinated by a range of nectar-seeking solitary bees and bombyllid flies (Armbruster et al. 1994; Brown et al. 1997) , are unique in the SWAFR in using differential pollen placement on the bodies of insects to avoid the potentially detrimental effects of hybridization and pollen wastage (Armbruster et al. 1994; Armbruster 2006) . Pollen is deposited onto the body of the insect using a mobile column that is rapidly triggered by the contact of the insect at the base of petals. A combination of variation in nectar-tube length and positioning of the column results in each species at a site having a unique combination of pollinator species and pollen position on the body of the animal. Armbruster et al. (1994) suggested that this partitioning within communities had arisen through character displacement. In cases of both ethological and mechanical pollinator-mediated isolation, studies addressing the causes of initial reproductive isolation rather than studies confirming mechanisms responsible for current isolation are yet to be undertaken.
(c) Effects of vertebrate pollination on pollen movements It has been predicted that in ancient landscapes strategies will have evolved to maximize outcrossing and pollen dispersal in small and/or isolated populations (Hopper 2009 ). Owing to differences in size and behaviour, it is expected that pollination by birds rather than insects will result in higher outcrossing rates and pollen being dispersed greater distances. As such, the prevalence of bird pollination in the SWAFR may represent repeated adaptation to a prolonged history of small or isolated populations (Hopper 2009 ). Studies elsewhere directly tracking pollen and using molecular markers to assign pollen to parental plants have revealed that there is no simple dichotomy between bird pollination and insect pollination in terms of pollen movement, with several groups of insects moving pollen considerable distances (Nason et al. 1998; Hanson et al. 2008; Pasquet et al. 2008) . However, those species where small pollen movement distances have been reported are predominantly insect-pollinated herbs (Kropf & Renner 2008; Llaurens et al. 2008) .
The spatial distribution of a plant population is also critical to pollen movement distances, with shorter distances recorded in continuous populations and communities rather than fragmented environments (Hanson et al. 2008) . As such, research comparing the efficacy of birds and insects at dispersing pollen will need to address both the spatial distribution of the plants and the specific groups of pollinators involved. A simple method for doing this would be to express pollinator movement distances as the ratio of pollinator movement distance to nearest neighbour of the plants (the Pollinator Movement Index). This provides a measure of the degree to which pollinators exceed the minimum requirements to reach another flowering plant of the same species. Estimates in the SWAFR for bird-pollinated plants are: 2.2-Banksia hookeriana (Proteaceae; Krauss et al. 2009 ) and 4.4-Eucalyptus stoatei (Myrtaceae; Hopper & Moran Review. Pollination in southwestern Australia R. D. Phillips et al. 523 1981) . However, such estimates are not available yet for insect-pollinated species in the SWAFR. The few similar studies in other floras suggest that insectpollinated species have lower pollinator movement distances than the estimates for bird-pollinated shrubs:
Asclepias exaltata-0.3 (Apocynaceae; Broyles & Wyatt 1991) and Disa cooperi-1.6 (Orchidaceae; Johnson et al. 2005) . Studies using pollen tracking and paternity assignment (e.g. Krauss 1994; Kropf & Renner 2008) are not directly comparable with those based on pollinator observation due to the prevalence of pollen carryover (Broyles & Wyatt 1991) . However, use of these techniques will provide the most direct test of the effectiveness of a pollinator at dispersing genes, assuming that the pollinator responsible for each pollen movement can be isolated.
Comparison of pollen movements and the foraging behaviour of nectarivorous animals suggest that in the SWAFR there is a trend towards bird pollination leading to greater pollen movement distances (Hopper & Moran 1981; Peakall 1989; Byrne et al. 2007; Krauss et al. 2009 ). Additionally, in the eastern Australian Grevillea macleayana (Proteaceae), outcrossing rates were higher in plants where birds were allowed access to flowers in addition to insects (England et al. 2001) . These lines of evidence support the hypothesis that bird pollination may evolve through increased outcrossing or pollen movements. As such, the prevalence of bird pollination in the SWAFR compared with other regions may have arisen through strong selection for outbreeding in small, isolated populations (Byrne & Hopper 2008; Hopper 2009 ). Alternatively, the use of bird pollinators may be driven by the low nutrient and moisture levels of the old landscapes found in the SWAFR (Hopper 2009 ). Under these conditions, pollinator visitation and pollen transfer may greatly exceed the amount of seed a plant is capable of producing (Stock et al. 1989; Groom et al. 2000) . As a result, selection may favour pollinators that result in greater outcrossing and more genetically fit offspring rather than the highest quantity of fruits. Similarly, low resource conditions may favour the evolution of early acting, post-zygotic lethal genes so that scarce resources are not dedicated to the production of low-quality fruit. These hypotheses are not mutually exclusive. In small populations, the cost of inbreeding may be higher and as such selection to favour genetically fit offspring rather than large numbers of fruit may be highest in small and/or isolated populations.
PREDICTIONS OF THE IMPACT OF A CHANGING ENVIRONMENT ON POLLINATION IN THE SWAFR
While this review of the pollination ecology in the SWAFR has highlighted some areas of potential resilience to environmental change such as the broad foraging preferences and extensive movements of honeyeaters, it has also highlighted some examples of specialization for pollinators, particularly at the level of functional group. Further, evidence suggests that fitness advantages in pollination strategies in this old landscape may be a consequence of differences in foraging behaviour between pollinator functional groups. In light of the findings presented here, we make the following predictions to be tested on the effects of continuing environmental change on pollination ecology in the SWAFR. Given the increase in unpredictability of rainfall experienced in the SWAFR, particularly around its dry margins, we may already be in the position to begin testing some of these predictions.
(i) While the extinction risks to invertebrates are unknown, birds are able to feed on insects and spatially patchy nectar resources (e.g. Collins et al. 1984a; Byrne et al. 2007 ). As such, species relying on bird pollination are unlikely to suffer permanent losses of pollinator species through climate change alone. (ii) Limits to the ability to sustain seed set imposed by a drying climate will favour strategies that increase seed quality. This may favour specialization on pollinators that maximize outcrossing events or the evolution of early acting incompatibility. (iii) Pollinator loss from fragmented environments will be accentuated through reduced flowering supporting lower populations of nectarivores (e.g. Bradshaw et al. 2007) . The impact will be greatest for specialists and those generalist pollinators that only use a small subset of the available pollinator community at each site. (iv) Owing to the probable generalist nature of the majority of the pollination systems in the flora, in most cases the availability of pollinators should not place a limit on the migratory ability of plants. Limits to migration will arise through edaphic and physical barriers, especially in a region dominated by older, fragmented edaphic environments (Hopper 2009 
FUTURE DIRECTIONS
Many areas of pollination biology remain poorly studied in the SWAFR. Levels of specialization and the pollination vectors involved have been well resolved for some vertebrate-pollinated species, while the majority of the insect-pollinated flora has received no attention. Mechanisms driving the evolution of pollination strategies and reproductive isolation remain poorly understood. In particular, comparative experiments need to be conducted to confirm the role of vertebrate pollination in high pollen movement distances, the fitness consequences for changes in patterns of pollen movement and ultimately the reasons for the repeated evolution of vertebrate pollination. The few instances of highly specific plant -pollinator relationships suggest that pollination may have played a relatively minor role in speciation in most groups. However, further work is required on insect-pollinated species and to test if bird-pollinated plants are able to achieve a degree of reproductive isolation through assortative pollination (where similar phenotypes are more likely to reproduce with each other) resulting from differing placement of inflorescences and modification in floral structure. Predicted climatic changes have the potential to act in concert with existing environmental alterations to have serious impacts on plant and pollinator networks. Studies of honeyeater communities in the SWAFR have suggested that this group and the species that they pollinate will exhibit some resilience to environmental change, albeit with potentially detrimental local changes to fruit set and pollen movement. Alternatively, the paucity of information on insect pollination is of particular concern, especially for herbaceous species and local endemics that may be pollinated by a small number of species. In most cases, the taxonomy of insects in the SWAFR is poorly resolved and little is known of their life cycles and resilience to drought, fire or anthropogenic landscape modification. With the exception of some studies on honeyeaters, it is unknown if communities in small fragments of bushland suffer loss of pollinators, if this is accentuated by drought and if pollinators move through fragmented landscapes. A promising area of future research will be to determine if the presence or enhancement through restoration activities of keystone plant species that provide nectar for a large number of insects is capable of supporting pollinator communities that will function to maintain the remainder of the plant community (Saffer et al. 2000; Dixon 2009 ).
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